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INTRODUCTION 
Although many factors influence the growth and development of plants, 
temperature is one of the most important environmental stimuli affecting 
their physiological and morphological characteristics. The effect of tem­
perature may be due to its influence on rate-limiting reactions; tempera­
ture dependence of particular biological reactions ultimately is under 
genetic control (79). 
The problem in this investigation had its origin in the spring of 
1963, when erratic and poor emergence of certain soybean cultivars in Iowa 
fields were reported to Iowa State University. Subsequent studies by Grabe 
and Metzer (34) revealed that certain cultivars of soybean emerged poorly 
at 25C but exhibited normal emergence at temperatures a few degrees higher 
or lower than 25C. Poor emergence was found to be due to inadequate hy-
pocotyl elongation (34). 
The physiological basis for the soybean hypocotyl growth anomaly was 
studied by Samimy and LaMotte (82). They proposed that enhanced ethylene 
evolution was responsible for inhibition of hypocotyl elongation. Keys 
(49) further studied the physiological aspect of this phenomenon and 
claimed that the epicotyl is the major ethylene-evolving tissue. However, 
the site of inhibition of hypocotyl elongation is spatially separated from 
the epicotyl. Thus, Keys concluded, the ethylene evolved in the epicotyl 
could not be responsible for the temperature-dependent inhibition of soy­
bean hypocotyl elongation. 
The objectives of this study were to 1) determine ethylene evolution 
by intact seedlings of 'Amsoy 71' at 25C and 30C, 2) localize the major 
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ethylene-evolving tissue, 3) investigate the hormonal or substrate limita-
tion(s) for ethylene evolution by apical 2-cm segments of hypocotyls, 4) 
determine free indole-3-acetic acid (lAA) levels in various seedling parts 
including epicotyl, cotyledons, and hypocotyl, 5) establish whether a high­
er level of free lAA is responsible for enhanced ethylene evolution at 25C 




Hormonal Control of Plant Growth and Development 
Introduction 
Ethylene is the simplest unsaturated hydrocarbon that in trace quanti­
ties exerts a profound influence on nearly every aspect of plant growth 
and development. The concept of ethylene as a plant hormone can be chal­
lenged since it may not undergo transport from site of synthesis to site of 
action. This may be an argument in semantics since ethylene is a naturally 
occurring substance that can alter plant metabolism when present in minute 
amounts (57). The novelty of the concept of ethylene as a gaseous hormone 
may be appreciated when some of the localized effects of this hormone are 
considered. Wounding and maintenance of the plumular or hypocotyl arch in 
dicotyledons during emergence are two localized phenomena in which affect­
ed cells are exposed to uniform and physiologically active levels of ethyl­
ene. Ethylene then rapidly diffuses out of the tissue, so that the effect 
remains localized (89). Ethylene is implicated in fruit ripening (.66), 
leaf abscission (13), seed germination (47), seedling development (17, 82), 
root growth (23), and numerous stress phenomena (78, 95). Ethylene inter­
acts with other hormones and, therefore, is an important component of hor­
monal control of the plant growth and development. 
Ethylene in plant growth and development 
As early as 1913, the striking effects of ethylene on the growth of 
etiolated pea {pisum sativum L.) seedlings was referred to as the "triple 
response." It consisted of reduction in stem elongation rate, promotion 
of stem radial expansion, and loss of normal shoot orthogeotropic response 
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(26). The effect of ethylene on cell division and cell elongation could 
explain the morphological alterations observed. Ethylene abolished cell 
division and DNA synthesis in apical hook regions of etiolated pea seed­
lings when present at 50p£/f^ (5). Burg and Burg (15) reported that 1 
and 10 of ethylene inhibited elongation of etiolated pea and sun­
flower segments, respectively. Nee et al. (70) reported that in excised 
etiolated pea internodes ethylene inhibited elongation, and resulted in 
radial cell enlargement. The ethylene irreversibly affected the tissue, 
and the degree of inhibition of elongation depended upon length of expo­
sure. Total proline and hydroxyproline levels were not affected by ethy­
lene treatment. However, incorporation of ^^C-proline into a cell wall-
associated protein was inhibited during the swelling period. Nee et al. 
thus proposed that ethylene affects the proline pool sizes. 
Ethylene does not significantly inhibit RNA synthesis in the subapical 
tissues of pea seedlings (14). Although much has been written about the 
mechanism of action of ethylene (57), it is generally agreed that this as­
pect of ethylene physiology remains to be elucidated (66, 89). 
Localization of ethylene production 
Localized production of ethylene in subapical parts of seedling shoots 
is well-known (32, 75). Goeschl et al. (32) reported that ethylene evolu­
tion by etiolated pea epicotyls was confined to the plumule and plumular 
hook. Physical restriction of seedlings greatly enhanced ethylene produc­
tion by apical tissue and resulted in increases in diameter and inhibition 
of internode elongation (33). The increase in diameter is believed to re­
sult in a substantial increase in critical load capacity, since strength 
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of a homogeneous cylinder increases by the fourth power of its radius (33). 
Sakai and Imaseki (75) reported that ethylene production was most rapid in 
the segments immediately below the hypocotyl hook of mung bean [phaseoius 
aureus Roxh, presently known as Vigna radiata L. Wilczek (39)]. 
Biosynthesis of ethylene 
Studies with model systems indicated that methionine could serve as 
an intermediate for ethylene evolution in higher plants (59). This sugges­
tion was confirmed using tissues from higher plants (3, 4, 17, 36, 76). 
Two important concepts emerged from the studies of ethylene production in 
model systems: ethylene production was dependent upon Og; and ethylene 
production was dependent upon a free radical intermediate (57). 
In 1968, Yang (91) proposed that biosynthesis of ethylene in higher 
plants proceeds via the following pathway: methionine a-keto-y-methyl-
thiobutyric acid -> methional ethylene. Baur and Yang (10) reported that 
o-keto-Y-methylthiobutyric acid and homoserine were not as efficiently 
converted to ethylene as was methionine in apple tissue. Therefore, it 
was concluded that methionine was a more direct ethylene precursor than 
either a-keto-y-methylthiobutyric acid or homoserine. Murr and Yang (69) 
postulated the involvement of S-adenosylmethionine (SAM) as an intermediate 
in ethylene biosynthesis. The finding of Adams and Yang (3) that in apple 
tissue fed with [^^S] methionine, 5'-S-methyl-5'-thioadenosine (MTA) is the 
labeled nucleoside, supports the Murr and Yang (69) proposal that SAM is 
an ethylene intermediate. MTA, and its hydrolysis product, MTR (5-S-
methyl-5-thioribose), were found to be the major and minor metabolites of 
labeled methionine. Adams and Yang (3) demonstrated in various experiments 
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that production of MTA and MTR was closely related to ethylene evolution. 
Adams and Yang (4) applied [U^^C] methionine to apple tissue and found 
radioactivity appearing in 1-aminocyclopropane-l-carboxylic acid. They 
then proposed that ethylene evolution in apple tissue proceeds via the 
following pathway: methionine -»• S-adenosyl methionine (SAM) + 1-amino-
cyclopropane-l-carboxylic acid (ACC) + ethylene. Yoshii et al. (92) re­
ported that ethylene biosynthesis in mung bean hypocotyls also proceeds 
via the pathway proposed by Adams and Yang (4). Wound-induced ethylene 
biosynthesis appears to proceed via the same pathway as mentioned above 
(95). 
Comparison of ethylene-synthesizing activity of this pathway with in 
vitro activity of the putative enzyme in it has provided further evidence 
as to existence of the pathway proposed by Adams and Yang (4). Such com­
parisons have been made for 1) methionine adenosyltransferase, the enzyme 
responsible for conversion of methionine to SAM (52), 2) ACC synthase, the 
ACC-forming enzyme (11), and 3) the enzyme responsible for conversion of 
ACC to ethylene (53). Although it is generally believed that ethylene 
biosynthesis in higher plants proceeds via the pathway proposed by Adams 
and Yang (4), caution must be exercised in making universal application 
of this theory. Baker et al. (6) reported that ethylene evolution in ripe 
tomato and avocado fruits was little affected by 2-amino-4-(2-aminoethoxy) 
trans-3-butenoic acid (AVG), the potent inhibitor of ethylene evolution in 
vegetative tissues (73, 92). Yoshii et al. (92) reported that, in auxin-
treated mung bean hypocotyl sections fed with [3,4^^-C] methionine, a low 
level of auxin resulted in the specific activity of ethylene being 
greater than that of SAM. Conversely, a high level of auxin gave 
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rise to ethylene with specific activity being slightly lower than that of 
SAM. These results indicate that substrate(s) other than methionine may 
serve as ethylene precursor(s). However, Yoshii et al. (92) emphasized 
that their anomalous result could be due to compartmentation of SAM. Pos­
sibly more than one pool of SAM may exist. The existence of two metaboli-
cally active pools of amino acids has been reported (71). The possibility 
of compartmentation was also mentioned by Yu and Yang (95). They reported 
2+ 
an increase in ethylene evolution due to Cu treatment not paralleled by 
the incorporation of [3-^^C] methionine into ethylene and ethylene inter­
mediates. 
Involvement of membranes In ethylene evolution 
The fact that the ethylene-synthesizing system does not withstand 
homogenization implies that the enzymes of ethylene synthesis are uniquely 
poised in the cell membrane (64). The significance of proper osmolarity 
of the incubation medium (19) and the increase in ethylene evolution by 
2+ 
addition of Ca (54), possibly through its effects on membrane stability, 
provides additional support for this concept. Sakai and Imaseki (77), 
using fluorescence microscopy on mung bean hypocotyls treated with aprotein-
aceous inhibitor (88) of ethylene synthesis, found that the inhibitor was 
bound to the surface of the epidermal cells. The action of the inhibitor 
could be explained by a modification of the cell surface membrane, which in 
turn affects the regulatory mechanism of cellular metabolism. Imaseki and 
Watanabe (41) explored the effect of osmotic shock, cold shock, and cold 
osmotic shock on the uptake of a-aminoisobutyric acid (AIB) and ethylene 
evolution in the presence and absence of lAA. All treatments, and in 
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particular the cold osmotic shock, reduced the AIB uptake and ethylene 
evolution. These osmotic shocks were of short duration to minimize any 
membrane structural change due to plasmolysis, and the effect could be re­
produced with different osmotica. However, oxygen uptake was not affected 
by osmotic shock. These relationships led to the conclusion that ethylene 
evolution is controlled by membrane activity. 
When Goeschl et al. (32) exposed etiolated pea seedlings to red light, 
ethylene evolution was reduced. Treatment of seedlings with red followed 
by far-red light resulted in a response similar to that observed when the 
seedlings were exposed only to far-red light. They concluded that ethylene 
evolution is under phytochrome control and that ethylene intervenes as a 
regulator in the phytochrome control of plumular expansion. Samimy (79) and 
Morris (68) also have obtained similar results with etiolated soybean seed­
lings. 
Odawara et al. (72) reported that phospholipase D severely inhibited 
ethylene evolution. That its action is reversible suggested that the in­
hibitory action may not be due to enzymatic action. Lecithin and Tween 20 
also reduced ethylene evolution, but the inhibitory action was reversed by 
their removal from the medium. Odawara et al. thus concluded that inhibi­
tion of the action of lipophilic substances resulted from structural 
changes in cell membranes. 
Mattoo ét al. (62) found that Arrhenius plots of the ethylene-synthe-
sizing systems in apple and tomato were discontinuous. Discontinuity in 
Arrhenius plots has been shown to parallel a physical change of the mem­
brane lipid from liquid crystal to gel state. The change in activation 
energy of the ethylene-synthesizing systems in tomato and apple tissue 
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suggests an association of ethylene synthesis with the lipid component of 
the membrane. This proposal gains further support from the data in which 
Triton X-100, which causes lipid-protein perturbation, markedly lowered the 
activation energy below the transition temperatures. 
Regulation of ethylene biosynthesis 
There are a few reports indicating methionine can stimulate ethylene 
evolution in auxin- or kinetin-treated vegetative tissues (18, 30). It is 
generally believed that, among the intermediates of ethylene biosynthesis, 
only ACC greatly stimulates ethylene evolution in vegetative tissues (12, 
22, 94). Ethylene is generally evolved in areas of the plant where auxin 
concentration is high (2, 13, 15). Auxin- and stress-induced ethylene 
evolution are known to stimulate ACC synthase activity with a concomitant 
increase in ACC level (93, 95). Auxin is thought to act on the rate-limit­
ing step involving the conversion of SAM to ACC (93). Moreover, differen­
tial sensitivity to auxin has been demonstrated by Bradford and Yang (12)'. 
They reported that the tomato mutant, Diageotropica, is much less sensitive 
to auxin than its normal counterpart. 
Anaerobiosis inhibits ethylene biosynthesis (4, 42). ACC accumulates 
under a nitrogen atmosphere (4). The conversion of ACC to ethylene is oxy-
2+ gen-dependent (4) and is inhibited by Co (93). Rhizobitoxin and its eth-
oxy analog greatly inhibit ethylene evolution in higher plants (57, 73, 93). 
Light reduces the ethylene evolution in etiolated seedlings (32, 44). 
However, light increases COg evolution (44, 45). This may explain the ef­
fect of light in decreasing tissue sensitivity to ethylene (15). 
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Ethylene and auxin 
As early as 1935, Zimmerman and Wilcoxon (96) reported that auxin 
stimulates ethylene evolution in tomato plants. In fact, some of the ef­
fects formerly attributed to auxin are now known to be due to auxin-induced 
ethylene evolution (23, 37, 63, 74). It is well-established that supraop-
timal concentrations of auxin induce ethylene evolution in a wide variety 
of plant tissues (1, 2, 12, 15, 18, 37, 38, 44, 60, 67, 75). Auxin stimu­
lation of ethylene evolution has a lag period (15, 45, 60, 74), and, since 
inhibitors of protein synthesis can inhibit auxin-induced ethylene evolu­
tion (30, 44, 60, 75), it is concluded that auxin induction of ethylene 
evolution involves protein synthesis. Removal of auxin from the medium re­
sults in a sharp drop in the rate of ethylene evolution. This was thought 
to indicate that the ethylene synthesizing system was highly labile (75). 
Two effects of supraoptimal concentrations of auxin must be recognized: 1) 
auxin increases cell wall plasticity, and 2) auxin, like ethylene, has the 
ability to cause swelling of the stem (65). 
Some of the effects of auxin are mediated through enhanced ethylene 
evolution (23, 37, 63, 74). However, antagonistic interactions also have 
been observed (16, 38). Auxin levels in epicotyls of etiolated pea seed­
lings were diminished by 50% when they were treated with ethylene (58). 
Burg and Burg (16) demonstrated that ethylene treatment of etiolated pea 
seedlings resulted in 90% reduction in capacity for auxin transport. Thus, 
it appears that there is negative feedback: high levels of auxin promote 
ethylene evolution while high levels of ethylene reduce the lAA status of 
the tissue (57). 
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Auxin levels in plant tissues Although bioassays in the hands of 
careful researchers have provided much of the early knowledge concerning 
plant hormones (90), the advent of new chemical methods has added a new di­
mension to their quantification. An inherent danger in bioassays is the 
presence of interfering chemicals that act and interact with the substance 
to be quantified so as to alter the ultimate response being measured. 
Cohen (24) has recently studied the available chemical methods for lAA anal­
ysis and concludes that, disregarding cost and availability, gas chromatog­
raphy combined with mass spectrometry is the most authoritative means of 
establishing the identity and quantity of lAA. Methods that utilize light 
(UV, fluorescence) for detection show poor selectivity when low levels of 
hormones are assayed. Whenever possible, bioassays should be checked 
against chemical methods, Bandurski and Schulze (9), working with soybean 
seeds, have measured the level of free, ester, and peptide lAA; they report 
lAA concentrations of 4, 50, and 500 yg kg"^ of tissue, respectively. 
Sweetser and Swartzfager (87), considering measurements made using high 
pressure liquid chromatographic techniques, report levels of lAA ranging 
from 2 to 69 yg kg"^ in primary and trifoliated leaves, roots, stems and 
cotyledons of Glycine max. 
Ethylene, cytokinins and gibberellins 
A striking influence of cytokinins in intact seedlings or in segments 
isolated from them is their synergistic effect on auxin-induced ethylene 
evolution (40, 54, 55, 56). Lau and Yang (55) reported that, in black gram 
[phaseoius mungo, presently known as vigna mungo (39)], kinetin enhanced 
lAA uptake during a 2-hour incubation and markedly suppressed the 
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conversion of lAA to lAA conjugates. Although kinetin did increase the 
free lAA level by 100%, no attempt was made to determine whether the in­
crease in lAA level could account for increased ethylene evolution. Imaseki 
et al. (40) reported that benzyladenine (BA) doubled the rate of ethylene 
evolution at all concentrations of lAA used on etiolated mungbean segments. 
The stimulation by BA of ethylene evolution was significant in both untreat­
ed and auxin-treated tissues. The kinetics of the effect were noninductive. 
Imaseki et al. (40) reported that endogenous ethylene evolution was 
doubled by a tenfold increase in exogenous lAA concentration. The labeled 
lAA level in tissue was proportional to the exogenous level. Thus, it fol­
lows that a doubling in ethylene evolution by BA would have to elevate lAA 
levels in hypocotyl segments about ten times to account for this. The lAA 
level was increased only 20-30% by BA treatment, and, thus, fails to ac­
count for the increased ethylene evolution. Lau and Yang (56) reported a 
synergistic effect of kinetin on lAA-induced ethylene evolution in etio­
lated black gram segments. Kinetin-pretreated sections, when transferred 
to lAA solution, evolved ethylene at a rate comparable to that found when 
the sections were incubated in a solution containing lAA and kinetin from 
the beginning. They proposed that cytokinins may not act through lAA, 
since tissues preincubated in kinetin followed by later incubation in 
auxin responded equally well compared with treatment in which both hor­
mones were simultaneously present. 
Gibberellin (GA) by itself does not significantly affect ethylene evo-
lytion in etiolated pea seedlings. However, GA can reduce auxin-induced 
ethylene evolution by 50% in these (30). Stewart et al. (86) reported that 
ethylene can prevent the stimulation of stem elongation caused by GA. 
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They also showed that the swelling response in etiolated pea seedlings can 
be overcome by 6A. 
Soybean hypocotyl growth anomaly 
It is generally agreed that germination and seedling emergence repre­
sent critical periods in the life cycle of a soybean plant (35). Rapid hy­
pocotyl growth under a wide range of environmental conditions is desirable. 
Breeders attempt, therefore, to incorporate the fast emerging capability of 
long-hypocotyl cultivars into potentially high yielding cultivars that have 
poor emergence capability (28). 
Fehr et al. (29) investigated the emergence of different soybean cul­
tivars under field conditions and concluded that emergence of short-hypo-
cotyl (Amsoy and 'Beeson') and intermediate-hypocotyl ('Chippewa 64' and 
'Lindarin') cultivars was inferior to that of a long-hypocotyl cultivar 
('Hawkeye'). The superior emergence of Hawkeye, compared with 'Wayne', sug­
gested that inherent differences may exist within the 1ong-hypocotyl geno­
types in the ability to emerge under high soil resistance. 
Certain cultivars of soybean, such as Amsoy 71, emerge poorly at 25C 
but exhibit normal emergence at 15, 20, and 30C (34). The inability to 
emerge is attributed to lack of normal hypocotyl elongation (20, 21, 31, 34, 
82). This phenomenon has a temperature range from 21C to 28C, with the ef­
fect being most pronounced at 25C (31). Samimy and LaMotte (82) investi­
gated the physiological basis for soybean hypocotyl growth anomaly and re­
ported four findings: 1) etiolated seedlings of 'Clark', a short-hypocotyl 
cultivar, evolved twice as much ethylene as did the long-hypocotyl Mandarin; 
2) enhancement of ethylene evolution preceded inhibition of hypocotyl 
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elongation; 3) ethylene treatment of the long-hypocotyl cultivar 'Mandarin', 
mimicked the temperature response; 4) COg, a well-known competitive inhibit 
tor of ethylene, partially reversed the effect of 25C. Thus, they concluded 
that ethylene is responsible for the phenomenon observed at 25C. Treatment 
with kinetin and lAA also mimicked the temperature response. Holm and 
Abel es (37) and Key et al. (48) found that auxin application to seedlings of 
the long-hypocotyl cultivar, Hawkeye, resulted in a significant increase in 
hypocotyl swelling. Temperature did not alter the pattern of primary root 
elongation in either Clark or Mandarin, short- and long-hypocotyl types, 
respectively. 
Samimy (81) reported that treatment of Clark soybean seedlings with 
2+ 
cobalt ions (Co ) promoted hypocotyl elongation by 28%. The same treatment 
resulted in a 65% reduction of ethylene evolution. Samimy concluded that 
cobalt exerts its effect on hypocotyl growth by inhibiting ethylene evolu­
tion. 
Samimy (79, 80) and Morris (68) reported that exposure of seedlings to 
red light promoted hypocotyl elongation and inhibited lateral swelling. 
Such treatment also resulted in a 45% decrease in ethylene evolution (80). 
Far-red irradiation partially reversed the red effects. Samimy (80) con­
cluded, therefore, that phytochrome controls soybean hypocotyl growth and 
ethylene intervenes as a regulator. Similar results also have been report­
ed by Morris (68). 
Burris and Knittle (21), reported that removal of 50% of cotyledonary 
tissue in Amsoy 71, at 25C, resulted in normal hypocotyl elongation. The 
significance of the cotyledonary factor also was recognized by Samimy (80). 
He demonstrated that when cotyledons were left attached to the apical 1-cm • 
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section of hypocotyl» more ethylene was evolved than when cotyledons were 
detached. He concluded that cotyledons may serve as a source of auxin, 
of an ethylene precursor, or of both. Keys (49) further studied the physi­
ology of the soybean hypocotyl anomaly and proposed that the epicotyl is 
the major ethylene-evolving tissue. According to Keys' measurements, in­
hibition of hypocotyl elongation was spatially separated from the site of 
maximum temperature-dependent, ethylene-evolving tissue in the epicotyl. 
He concluded that ethylene could not be directly responsible for the tem­
perature-dependent inhibition of hypocotyl elongation. Based on tempera­
ture-sequencing experiments, Samimy (79) and Samimy and LaMotte (83) re­
ported that inhibitory effects of 25C were greatest between 2 and 5 days 
after planting. For complete induction, it was necessary that seedlings be 
exposed to 25C for 5 days. Once the seedlings were induced, the induction 
persisted even in the absence of inducing temperature. Thus, the tempera­
ture effect is irreversible. Similar findings were also reported by 
Gilman et al. (31). 
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MATERIALS AND METHODS 
Seedling Preparations 
Culture 
Seeds of different cultivars of Glycine max were preconditioned to ca. 
21% moisture. They were surface-sterilized with sodium hypochlorite for 30 
seconds (s) followed by several rinses of distilled water and 30 s of 0.01 
N hydrochloric acid. Seeds were imbibed in aerated, running distilled 
water for 1.5 hours (h). A rolled-towel germination procedure reported by 
Isely (43) and later modified by Samimy (79) and by Burris and Fehr (20), 
was used to produce seedlings. Each roll consisted of three premoistened 
towels (30 X 60 cm), two below and one above the seeds. Twenty-five seeds 
were placed 10 cm from the paper's top and oriented in a single row with 
radicals pointing downward. The towel s were rolled and placed upright 
in a plastic container (18 x 28 x 30 cm) and covered with a plastic bag. 
The container was partitioned into 12 sections with copper wiring. After 
48 hr, 250 ml of water was added to each container. In cotyledon experi­
ments, half of each cotyledon was removed after 2-hr water imbibition, and 
other manipulations were the same as reported above. 
Development stage and seedling selection 
For lAA quantification, 3.5- and 4-day-old uniform and normal seed­
lings grown at 30C and 25C, respectively, were selected (25). Seedlings 
grown at 30C for 3.5 days are comparable in development to those grown at 
25C for four days based on visual comparison of primary root lengths. 
This basis was chosen because Samimy and LaMotte demonstrated that pattern 
of primary root elongation is not altered by a temperature of 25C (82). 
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The onset of inhibition of hypocotyl elongation is observed at about the 
fifth day. In order to establish a cause and effect relationship, lAA 
measurements were made on seedlings before the onset of this inhibition. 
Seedlings were subdivided into cotyledons, epicotyls and 2-cm apical sec­
tions of hypocotyl. These subdivided parts were immediately placed in 
liquid nitrogen. 
For ethylene measurement, seedlings 4 and 5 days old, grown at 30C and 
25C, respectively, were used. These ages were chosen because seedlings 
had developed to similar extents as judged by measurements of primary root 
lengths. In addition, seedlings grown at 25C had reached their maximum 
ethylene evolution at the 5-day stage at 25C. All manipulations of live 
material were conducted under a dim green lamp in a dark room (80). 
lAA Measurement 
Extraction of lAA 
Freeze-dried seedling parts (5 g of each tissue) were analyzed for 
free lAA. After the tissue was ground, 30 mg of diethyldithiocarbamate, 
4.4 x 10^ dpm of [2-^^C] lAA, and 150 ml of 70% acetone (v/v) was added to 
the mixture. lAA was extracted overnight (12 hr) at 5C. Then the residue 
was rinsed several times with 70% acetone. The combined filtrates were re­
duced in volume to 50 ml, using a flash evaporator at 35C. 
Purification and determination of lAA 
The procedure used for lAA purification and characterization was de­
veloped by selecting, modifying, and combining procedures of Bandurski (7), 
Bandurski and Schulze (8), and Seyedin et al. (85). Fifty ml of concen­
trated extract was adjusted to pH 7 and twice partitioned with 150 ml of 
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petroleum ether. The aqueous fraction was partitioned with 50 ml of chlo­
roform. The resultant emulsion was centrifuged at 27000g for 20 min. The 
aqueous fraction was adjusted to pH 2.5 and partitioned five times with 50 
ml of chloroform each time. The chloroform phase was taken to dryness in 
vacuo at 35C. The sample was redissolved in isopropanol^ made 50% (v/v) 
with distilled water and loaded on a diethylaminoethyl Sephadex column 
(0.5 cm I.D. X 15 cm). The column had been precycled [precycling was the 
same as described for DEAE cellulose (Seyedin, 84)] and equilibrated with 
50% isopropanol. A linear gradient elution, using 50% isopropanol and ace­
tic acid, followed. The reservoir closest to the column contained 50% iso­
propanol; the adjacent reservoir, connected with a Teflon stopcock, con­
tained 50:45:5 (v/v/v) isopropanol, water, and acetic acid, respectively. 
Gradient elution was performed with 250 ml of solvent in each reservoir 
initially. Samples were eluted at the rate of 15 ml per hr. Fractions 
containing more than 5% of the radioactivity added to the column were 
pooled and taken to dryness and quantitatively transferred with three suc­
cessive rinses, each consisting of 200 yl of eluting solvent, to a Sephadex 
LH-20 column. The column had been (0.5 cm I.D. x 27 cm) previously equili­
brated with 50% (v/v) ethanol and samples were eluted with the same mix­
ture. Samples containing more than 5% of the radioactivity added to the 
column were pooled and taken to dryness. Samples were redissolved in 30 yl 
acetic acid, ethanol, and water (1:30:69). Two 10 ul aliquots of each 
sample were injected into an ultrasphere-ODS Beckman column mounted on a 
Beckman high pressure liquid chromatograph equipped with 254 nm UV 
^All chromatographic solvents were glass distilled. Distilled water 
consisted of doubly distilled tap water. 
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detector. Elution profile for authentic and putative lAA is illustrated 
in Figure 1. lAA levels in samples were determined by comparing their peak 
heights with those of authentic lAA standards (Figure 2) and were corrected 
by isotope dilution (7). The overall average recovery of lAA was 39% of 
that added to the tissue after grinding. A scheme for the lAA purification 
and characterization is shown in Figure 3. 
Radioactivity determination 
Radioactivity was determined by using a Beckman dpm-100 scintillation 
spectrometer. Gain was set at 300. The scintillation cocktail used was 
TM Beckman Ready-Solv . 
Commercially available quenched standards, having a known dpm and var­
iable degree of quenching, were used to determine counting efficiency. For 
each cpm, its corresponding external standard ratio (ESR) was printed. 
Percent efficiency was plotted against ESR, and a regression line was drawn 
through the points (Figure 4). The regression formula was Y = 5.3X + 66, 
with X as the external standard ratio and Y as the % efficiency. 
Radioactivity in each sample was determined with ca. 92% efficiency. 
This efficiency was used to correct for quenching. 
Ethylene Measurements 
Intact seedlings 
Batches of twenty-five seedlings, earlier grown in rolled paper tow­
els, were sealed Into polyvinylchloride (PVC) tubes (7.5 cm I.D. x 50 cm) 
each containing 20 ml of water. A screw-type head allowed easy access to 
seedlings at one end of each PVC tube; the other end was permanently 
sealed. Vacuum grease was used to seal the cap. A rubber septum was 
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fitted into the head to permit gas sample withdrawal. After 18-hr incuba­
tion, a 1-ml sample was analyzed for ethylene content. Gas analysis was 
accomplished with a Varian Model 3760 gas chromatograph equipped with a 
flame ionization detector coupled to a Gary Model 401 vibrating reed elec­
trometer. The column contained activated alumina (80 to 200 mesh); its di-
mentions were 0.4 cm x 150 cm. The injector, columns, and detector temper­
atures were set at 100, 120, and 130C, respectively. Helium, hydrogen, and 
air flow rates were 30, 30, and 300 ml per min, respectively. For ethylene 
measurements, sample peak height was compared to authentic ethylene stan­
dards (Figure 5). 
Seedling parts 
Ten etiolated seedling parts were placed in each custom-made Plexiglas 
chamber. Each chamber was 63 ml in volume. The chambers were painted 
black to exclude light. Rubber tubing was fitted at one end to allow for 
sample withdrawal. The chamber was sealed with vacuum grease. Each cham­
ber contained a filter paper (7.0 cm) and 7 ml of phosphate buffer adjusted 
to pH 7. The medium consisted of 2% sucrose and 50 yg of chloramphenicol 
per ml of buffer. Where indicated, various other additions were included. 
The air in the sealed chamber was assayed for ethylene content every 3 hr 
over a period of 9 hr. After sample withdrawal, the system was flushed 
with air and sealed for subsequent ethylene determination. All manipula­
tions were conducted under dim green light (80). For determinating the ef­
fect of light on ethylene evolution, etiolated hypocotyl segments were 
placed in transparent chambers and exposed to cool white fluorescent light 
2  - 1  
of ca. 20 uEinstein (m -sec)' . 
21 
Hypocotyl Breakage 
Three replicates each consisting of 100 seedlings of short-hypocotyl 
(Amsoy 71 and Cutler 71) and long-hypocotyl (Corsoy) cultivars were tested 
for hypocotyl breakage by using paper towel and Kimpak methods. The paper 
towel procedure was the same as mentioned earlier, except that seeds were 
not surface-sterilized and no water supplement was made. Seedling treat­
ments at 25C included both light and darkness. Seedlings grown at 30C in 
darkness served as the controls. For the Kimpak procedure, 100 seeds of 
each cultivar were placed on a premoistened layer of Kimpak (40 x 60 x 1.25 
cm and 770 ml in volume) in a fiberglass tray. At the end of 7 days, as­
sessment of hypocotyl breakage was made by visual examination. Only the 




In intact seedlings 
Ethylene evolution by intact seedlings of Amsoy 71 at two temperatures 
is shown in Table 1. Ethylene evolution is significantly higher at 25C 
than at 30C. 
Table 1. Ethylene evolution by intact Amsoy 71 seedlings* 
*—1 —1 K Rate of ethylene evolution (pi seedling" h') 
25C 30C 
2099** 992 
®EXP 1, four replications, standard deviation = 95.8 pi seedling"^h"^. 
^Abbreviations: pi = picol iter; h = hour. 
Significant at the 1% level by the"Student's t-test. 
In seedling parts 
To localize the temperature-dependent ethylene evolution in Amsoy 71 
seedlings, parts were excised and ethylene evolution was determined. Eth­
ylene evolution by seedling parts, each consisting of two cotyledons and an 
attached epicotyl (C + E), is compared in Figure 6 with that evolved by 2-cm 
apical segments excised from hypocotyls (H). At 25C, ethylene evolution 
by H is significantly higher than that by C+E. At 30C, ethylene evolution 
by H and C+E is low and both evolve ethylene at similar rates. 
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Ethylene evolution by apical 2-cm segments from hypocotyls of three 
different cultivars is shown in Figure 7. At 25C, a high rate of ethylene 
evolution is observed in segments from seedlings of Amsoy 71 and Cutler 71, 
two short-hypocotyl cultivars. In segments from seedlings of Corsoy, a 
long-hypocotyl cultivar, ethylene evolution is low and similar at 25C and 
30C. 
Limiting factors for ethylene evolution at 25C and 30C 
Cotyledonary factor Half of each cotyledon was excised from seed­
lings of Amsoy 71 after 2 h of water imbibition. Seedlings were then grown 
for 5 days at 25C and hypocotyl segments were assayed for ethylene. Ethy­
lene evolution by such segments is significantly less than that by segments 
from intact seedlings (Figure 8). Hypocotyl segments from seedlings grown 
at 30C for 4 days were assayed for ethylene. Cotyledonary excision does 
not significantly affect ethylene evolution at this temperature (Figure 8). 
The effect of cotyledon removal on ethylene evolution at 25C can be 
mimicked (Figure 8) by small seeds (12g per 100 seeds), each about half 
the size of a normal sized seed (24.9 g per 100 seeds). Ethylene evolution 
in these is low and comparable to that of controls at 30C. 
Interactions of auxin and methionine Ethylene evolution by apical 
2-cm segments of hypocotyls of Amsoy 71 soybean seedlings treated with 
methionine and lAA, singly or together, is demonstrated. Neither methio­
nine nor auxin at low concentration (10 pM lAA) can stimulate ethylene 
evolution in hypocotyl segments at 25C and 30C when supplied separately 
(Figure 9). The pattern of ethylene evolution in methionine- or auxin-
treated hypocotyl segments is similar to that of control segments at 25C 
and 30C. At 25C, ethylene is initially evolved at high rates, but by the 
time of the third sampling, the rate of evolution is significantly reduced 
in all treatments. At 30C, the normal basal rate of ethylene evolution is 
observed throughout the sampling period. When both methionine and auxin 
are present, they significantly stimulate ethylene evolution (Figure 10). 
High rates of ethylene evolution are maintained across the sampling times 
at both temperatures in the presence of 125 pM methionine. The well-known 
lAA precursor, tryptophan, does not substitute for lAA in its effect on 
ethylene evolution from hypocotyl segments. 
lAA and methionine concentration dependencies In the presence of 
10 ]iM lAA, methionine at a concentration of 30 yM stimulates ethylene 
evolution at 30C but not at 25C (Figure 11). In the presence of 10 pM lAA, 
60 pM methionine stimulates ethylene evolution by hypocotyl segments at 
both 25C and 30C (Figure 11). In the presence of 10 yM lAA, methionine 
concentrations of 125, 353, and 1000 yM all stimulate ethylene evolution 
to a similar extent (Figure 12). 
In the presence of 250 yM methionine auxin at 0.1 yM concentration 
stimulates ethylene evolution in hypocotyl segments at 30C, but not at 25C 
(Figure 13). In the presence of 250 yM methionine, auxin at 1 yM concen­
tration stimulates ethylene evolution at both temperatures. However, the 
degree of auxin stimulation is more pronounced at 30C than at 25C (Figure 
13). At a still higher concentration (10 yM), lAA further stimulates 
ethylene evolution when 125 yM methionine is also present (Figure 10). At 
the highest tested lAA concentration (100 yM), lAA even stimulates ethylene 
evolution in the absence of an exogenous methionine supply (Figure 14). 
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ACC 1-aminocyclopropane-l-carboxylic acid (ACC), at 125 yM con­
centration, stimulates ethylene evolution by hypocotyl segments at both 
25Cand30C (Figure 15). 
Light When light is supplied to hypocotyl segments from etiolated 
seedlings during the ethylene accumulation period, ethylene evolution de­
creases (Figure 16). The effect becomes more pronounced between 3 and 6 
hours after light exposure (Figure 16). 
lAA Levels in Seedling Parts 
lAA levels, as determined in epicotyls, cotyledons and hypocotyls, are 
shown in Table 2. 
Table 2. lAA levels in three different 'Amsoy 71' seedling parts^ 
— (ng"^g"^ dry w)^ 
25C 30C 
Epicotyl 294 140 
Cotyledons 53 46 
Hypocotyl 236 371 
®EXP 8, two replications; standard deviation = 41 ng'^g"^ dry w. 
^Abbreviations: ng = nanogram; g = gram; w = weight. 
lAA levels in cotyledons are consistently lower than in epicotyls and 
hypocotyls (Table 2). The levels in cotyledons are similar at 25C and 30C. 
lAA levels are higher in epicotyls at 25C than at 30C. Overall, lAA levels 
across the seedling parts are not significantly different at the two 
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temperatures, but the interaction of seedling parts with temperature is 
significant. 
Hypocotyl Breakage 
Hypocotyl breakage at 25C and 30C in four lots each of the cultivars 
Amsoy 71, Beeson, and Cutler 71 is shown in Table 3. This effect is illus­
trated in Figure 17. 
Table 3. Percent germination and hypocotyl breakage at 25C 
Cumvar a Lot# % Gemination 
Amsoy 71 1 84 48 .38< x< .58 
2 90 46 . 36< x< .56 
3 88 28 .19< x< .38 
4 93 46 .36< x< .56 
Beeson 1 78 10 . 05 < X < .18 
2 94 7 . 03 < X < .14 









4 88 20 .13< x< .29 









2 91 23 .15< x< .32 
3 80 27 . 19< x< .37 
4 83 26 .18< x< .36 
^Hypocotyl breakage at 30C ranged from 1 to 3% and in 3 lots our of 12 
no breakage v«s observed. 
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Hypocotyl breakage in seedlings of the above-mentioned cultivars was 
almost nonexistent at 30C (Table 3). Hypocotyl breakage was later studied 
in cultivars Amsoy 71, Cutler 71, and Corsoy with three replications of 
each cultivar. The results for Amsoy 71 and Cutler 71 are summarized in 
Table 4. Hypocotyl breakage was less extensive in this experiment than in 
the initial one. Breakage did not occur in seedlings of Corsoy, a long-
hypocotyl cultivar. 
Table 4. Percent germination and hypocotyl breakage at 25C 
Cultivar® Rep % Germination % Broken 
hypocotyl s 
95% confidence 
interval for breakage 
Amsoy 71 1 83 12 .06<x< .20 
2 85 19 .12<x< .28 
3 84 11 .05 < X < .19 
Cutler 71 1 82 20 .13 < X < .29 
2 87 14 .08 < X < .22 
3 81 6 .02<x< .12 
^Hypocotyl breakage did not occur in Corsoy. 
Hypocotyl breakage was eliminated when seedlings were grown in Kimpak 
in light or darkness. Hypocotyl breakage in paper towels was also elimini-
nated in the presence of light. Findings from three experiments indicate 
that wounding of soybean hypocotyls does not induce ethylene evolution, but 
rather decreases it (Table 5). 
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Table 5. Ethylene evolution by seedling parts as affected by wounding 
at 25C and 30C 
Sampling Rate of ethylene evolution (pi pt"^h"^)® 
time — 
(h) 25C 30C 
EXP l'^ 
H HW H HW 
3 1378 805 416 225 
6 1262 1256 314 194 
9 675 488 166 156 
EXP 11^ 
H HW H HW 
3 1641 1146 344 487 
6 1484 1160 265 344 
9 890 750 289 197 
EXP Illd 
C+E+H C+E+HW C+E+H C+E+HW 
3 1886 1572 600 658 
6 3663 2256 1681 1220 
9 1969 1221 2083 891 
Abbreviations: H = apical 2-cm hypocotyl segment: HW = wounded hy­
pocotyl segment; C+E+H = a segment consisting of cotyledons and epicotyl 
and apical 2-cm hypocotyl left attached to each other; pi = picoliter; 
pt = plant part; h = hour. 
^In EXP I, HW is hypocotyl segment cut into 10 sections. Standard 
deviation = 138 pi pt"' h-1. 
^In EXP II, HW is hypocotyl segment pricked ten times with a fine 
needle. Standard deviation = 216 pi pt-lh-1. 
^In EXP III in C+E+HW wounding consisted of pricking the hyoocotyl 
segment with a fine needle. Standard deviation = 237 pi pt"' h"T. 
Figure 1. HPLC elution profile . showing retention time for authentic and 
putative lAA at 254 nm. A = putative lAA; B = authentic lAA 
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Figure 3. A scheme for lAA purification and determination 
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Figure 6. Ethylene evolution as affected by temperature and sampling 
time in soybean seedling parts of Amsoy 71 
SD is standard deviation in picoliter per plant part per hour 
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Figure 7. Ethylene evolution as affected by temperature in hypocotyl 
segments from soybean seedlings of three cultivars 
SD is standard deviation in picoliter per gram fresh weight 
per hour 
42 
m I o s D =479 


















2 5 C  
30C 
2 5 C  
30 C 
1 
AMSOY 71 CUTLER 71 CORSOY 
Figure 8. Effects of temperature, 50% cotyledon excision, and small 
seed size on ethylene evolution in hypocotyl segments from 
Amsoy 71 seedlings 
SD is standard deviation in picoliter per gram fresh weight 
per hour 
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Figure 9. Effects of temperature, methionine (Met), lAA, and sampling 
time on ethylene evolution in hypocotyl segments from Amsoy 71 
seedlings; control is without added lAA and methionine 
SD is standard deviation in picoliter per gram fresh weight per 
hour . 
46 
125  | iM  Met  
25C 
S D  =  865  




Contro l  
125  pM Met  
3  6  9  
T IME (h )  
Figure 10. Effects of temperature, lAA plus methionine (Met), tryptophan 
(Trp) plus methionine, and sampling time on ethylene evolution 
by hypocotyl segments from Amsoy 71 seedlings; control is with 
out added lAA, methionine and tryptophan 
SD is standard deviation in picoliter per gram fresh weight 
per hour 
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Figure 11. Ethylene evolution as affected by threshold methionine (Met) 
concentration and sampling time in Amsoy 71 hypocotyl segments 
treated with lAA; control is without added lAA and methionine 
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Figure 12. Ethylene evolution as affected by methionine (Met) concentra­
tion and sampling time in Amsoy 71 hypocotyl segments treated 
with lAA; control is without added lAA and methionine 
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Figure 13. Ethylene evolution as affected by lAA concentrations and 
sampling time in Amsoy 71 hypocotyl segments treated with 
methionine (Met); control is without added lAA and methio­
nine 
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Figure 14. Ethylene evolution as affected by 100 yM lAA and sampling 
time in Amsoy 71 hypocotyl segments; control is without 
. added lAA 
SD is standard deviation in picoliter per gram fresh weight 
per hour 
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Figure 15. Ethylene evolution as affected by 1-aminocyclopropane-l-car-
boxylic acid (ACC) and sampling time in hypocotyl segments of 
Amsoy 71 seedling; control is without added ACC 
SD is standard deviation in picoliter per gram fresh weight per 
hour 
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Figure 16. Ethylene evolution as affected by sampling time and light 
during the ethylene accumulation period in Amsoy 71 hypo-
cotyl segments 
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Figure 17. Hypocotyl breakage and elongation as affected by temperature 




Samimy and LaMotte (82) have shown that 5-day-old etiolated seedlings 
of Clark, which exhibit hypocotyl inhibition, evolve twice as much ethyl­
ene at 25C as do seedlings of Mandarin, which grow normally. Results pre­
sented here extend this finding to anbther cultiver, Amsoy 71, which is 
similarly inhibited in its hypocotyl elongation by this temperature. More­
over, apical 2-cm segments of hypocotyl from Amsoy 71 and Cutler 71 seed­
lings show a similar temperature dependence. This is in contrast to re­
sults of Keys (49) and Keys et al. (50). It appears that their results 
could have been complicated by tissue and microbial interaction so as to 
result in greater ethylene evolution at 30C than at 25C over the long, 
18-h ethylene accumulation period employed. 
Cotyledons and epicotyl, when left attached to each other, evolve 
ethylene at similar rates at 25C and 30C. These findings show that the 
temperature-dependent enhancement of ethylene evolution is localized in 
the hypocotyl with a high rate of ethylene evolution immediately below the 
hypocotyl arch. 
Burris and Knittle (21) have demonstrated that partial removal of 
cotyledons results in normal hypocotyl elongation in Amsoy seedlings grown 
at 25C. The present research indicates that 50% cotyledon removal signif­
icantly reduces ethylene evolution at 25C but not at 30C. Ethylene evolu­
tion by Corsoy, a long-hypocotyl cultivar, is low at both temperatures. 
In the presence of 10 yM lAA, methionine at 30 yM stimulates ethyl­
ene evolution at 3QC but not at 25C (Figure 11). lAA alone (10 yM) has no 
effect on ethylene evolution. We infer that ethylene evolution is more 
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limited by methionine at 30C than at 25C. However, greater uptake of 
methionine at the higher temperature could have been responsible for the 
observed effect. The existence of such a complication could be checked by 
growing seedlings at 30C with ethylene determination at 25C. These re­
sults would be compared to segments obtained from25C-grown seedlings ex­
cised and incubated at 25C. 
In the presence of methionine (250 uM) 0.1 pM lAA stimulates ethylene 
evolution at 30C but not at 25C. In the presence of 250 pM methionine, an 
lAA concentration of 1 pM stimulated ethylene evolution at both tempera­
tures, but the degree of stimulation was greater at 30C than 25C. These 
results could have been complicated by greater uptake of lAA at 30C than at 
25C. The existence of such a complication could be checked by a tempera­
ture-sequencing study such as mentioned earlier. 
In the absence of methionine, lAA stimulates ethylene evolution 4-5 
fold when supplied alone at 100 PM concentration. This is contrary to re­
sults obtained using 1 or 10 pM lAA. At these lAA concentrations, methio­
nine is required for stimulation of ethylene evolution. This finding may 
be interpreted as indicating that, at 100 pM lAA concentration, methionine 
availability is increased. Alternatively, one may propose a greater por­
tion of S-adenosylmethionine (SAM) is channeled into ethylene biosynthesis. 
Yoshii et al. (92) reported that a low level of auxin resulted in specific 
activity of ethylene being greater than that of SAM when auxin-treated 
mung bean hypocotyl segments were fed [3,4-^^C] methionine. Conversely, a 
high level of auxin resulted in a specific activity of ethylene lower than 
that of SAM. These results indicate that SAM may be compartmented, and 
that more than one pool of SAM exists. The existence of two metabolically 
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active pools of amino acids has been reported (71). The possibility of 
compartmentation also was mentioned by Yu and Yang (95). They reported an 
2+ increase in ethylene evolution due to CU treatment not paralleled by the 
incorporation of [3-^*C] methionine into ethylene and intermediates in its 
synthesis. These findings support the concept of compartmentation of 
metabolites in the cell. Alternatively, one may propose more than one 
pathway for ethylene biosynthesis to explain the above findings. However, 
there is not evidence to support a different pathway in higher plants. 
Ethylene evolution is believed to be controlled by free lAA levels in 
tissues. Hypocotyl segments from seedlings grown at 30C are more respon­
sive to 1 pM lAA in the presence of 125 yM methionine than those grown at 
25C. Thus, it may be proposed that the temperature-dependent hypocotyl in­
hibition involves an abnormally high lAA level in hypocotyl tissues of 25C-
grown seedlings. Of the different seedling parts tested for free lAA level, 
the epicotyl was the only tissue having twice as much lAA at 25C as at 30C. 
Hypocotyls and cotyledons showed similar lAA levels at both temperatures. 
The lack of a higher lAA level in the hypocotyls of seedlings grown at 25C 
need not negate the proposal that an abnormally high level of free lAA in a 
certain tissue compartment is responsible for the temperature phenomenon at 
25C. Sakai and Imaseki (77) reported that epidermis may be responsible for 
auxin-induced ethylene evolution in the mung bean hypocotyl segments. Thus, 
it appears that compartmentation is a widespread phenomenon in living sys­
tems. Diffusible auxin levels were four times higher at 25C than at 20C, 
as measured by Avena coleoptile straight growth bioassay (unpublished data, 
personal communication with C.E. LaMotte at Iowa State University). In­
deed, diffusible auxin represents a special case of compartmentation that 
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has been known for a long time. Chemical determination of diffusible auxin 
in seedlings of one of the anomalous cultivars at 25C and 30C merits inves­
tigation. Since a 10-fold increase in endogenous lAA content is required 
to double ethylene evolution in mung bean hypocotyls (40), differences of 
similar magnitude are expected from diffusible auxin experiments. 
If ethylene formation is not limited by conversion of ACC to ethylene 
at both 25C and 30C, it would be expected that the immediate precursor of 
ethylene should stimulate ethylene evolution at both temperatures. Such 
was found to be the case. Since ethylene evolution is correlated with en­
dogenous ACC content in a wide variety of plant tissues (22), it is ex­
pected that the temperature anomaly considered in the present study in­
volves an elevated ACC level at 25C compared to 30C. ACC levels are higher 
in hypocotyls of Amsoy 71 at 25C than at 30C (unpublished data, personal 
communication with G.M.C. Mutumba at University College of Wales, Aberyst­
wyth, U.K.). Our model predicts a higher ACC level in hypocotyls of 25C-
grown seedlings than those grown at 30C. Determination of ACC from cotyle­
dons could be informative as to the nature of cotyledonary factors. The 
rapid and sensitive method for ACC determination (61) should facilitate 
such measurements. Since ethylene evolution by Amsoy 71 hypocotyl segments 
is maintained at a high rate throughout the second sampling time (Figures 
6, 10, 11, 12, 13, 14), we infer that pool size for auxin and methionine 
must have been large enough to sustain such a high rate during the first 
two sampling times. Therefore, any stimulation of ethylene evolution by 
these substances during such a period must reflect a true limitation on 
ethylene evolution in excised hypocotyl segments, as well as in intact 
seedlings. 
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Since hypocotyl thickening and enhanced ethylene evolution can be en­
couraged by physical resistance (51), it would be interesting to know of 
auxin and methionine requirements in such a system compared with that of 
controls which have not encountered physical resistance. It might be ex­
pected that physical resistance increases the lAA and methionine levels. 
The temperature-dependent inhibition of hypocotyl elongation is an in­
duced phenomenon. Complete induction can be accomplished in five days at 
25C. Once induced, the inhibition of hypocotyl elongation persists even 
in the absence of inducing temperature. Pattern of ethylene evolution by 
induced seedlings and their parts under noninductive temperature merits 
investigation. 
Grabe and Metzer (34) noted that hypocotyls of anomalous cultivars 
are brittle and may break below the hypocotyl arch. The present study in­
dicates that frequent hypocotyl breakage at 25C occurs in seedlings of Am­
soy 71 and Cutler 71. These two cultivars show abnormal hypocotyl growth 
and abnormally high ethylene evolution at 25C (Figure 7 and Table 3). 
Breakage was not observed in Corsoy, a cultivar showing normal development 
and normal ethylene evolution (Figure 7, Table 4). Results from initial 
hypocotyl breakage experiments indicate that the cultivar Beeson is also 
susceptible to 25C temperature but to a lesser degree than that of Amsoy 71 
and Cutler 71. 
An increase in hypocotyl breakage was associated with the short-hypo-
cotyl cultivars grown at 25C but not at 30C (Table 3). Hypocotyl breakage 
is antagonized by physical resistance offered by toweling and eliminated 
by changing temperatures (25C to 30C), reducing physical resistance (Kimpak) 
or supplying light to the seedlings. Thus, this finding indicates that 
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when seedlings from a short-hypocotyl cultivar are grown in darkness and 
encounter resistance hypocotyl breakage is encouraged. Light would be ex­
pected to reduce ethylene evolution in short-hypocotyl seedlings (Figure 
16). Reduction in physical resistance would also be expected to result in 
reduction in ethylene evolution (33). Hypocotyl breakage was much more ex­
tensive in initial than in later experiments. Presumably, the paper towels 
were rolled tighter in initial than in later experiments, since two differ­
ent experimenters were involved. Alternatively, it can be assumed that 
seeds had aged and hypocotyl elongation had increased as a consequence (27). 
These results suggest that ethylene controls hypocotyl breakage. 
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SUMMARY 
Several conclusions may be drawn: 1) the enhanced ethylene evolution 
observed in seedlings of some cultivars grown at 25C is localized in the 
hypocotyl; 2) hypocotyl ethylene evolution is controlled by cotyledons; 
3) neither lAA (10 uM) nor methionine (125 yM) alone stimulate ethylene 
evolution at 25Cand30C, but their simultaneous application does; 4) in the 
presence of methionine, the stimulation of ethylene evolution by 1 pM lAA 
is much more substantial at 30C than at 25C; 5) in the presence of auxin 
(10 pM lAA), a concentration of methionine as low as 60 pM stimulates 
ethylene evolution; higher concentrations of methionine are similarly ef­
fective; 6) free lAA levels in epicotyls of seedlings grown at 25C are 
twice as high as those grown at 30C; levels in cotyledons and hypocotyls 
are similar at both temperatures; 7) the immediate precursor of ethylene, 
ACC, could effectively stimulate ethylene evolution at both temperatures. 
From these results, we conclude that the temperature-dependent enhancement 
of ethylene evolution involves a greater availability of methionine and 
auxin in seedlings grown at 25C than in those grown at 30C. 
Rather drastic hypocotyl breakage accompanies the other symptoms ex­
hibited by seedlings of the anomalous cultivars grown at 25C. Hypocotyl 
breakage is prevalent in short-hypocotyl cultivars showing enhanced ethyl­
ene evolution at 25C. Breakage is not observed in seedlings of the long-
hypocotyl cultivar Corsoy. Unless proper controls are carried out, it is 
difficult to distinguish mechanical damage from the temperature-dependent 
hypocotyl breakage. This finding is particularly significant in regard to 
seed testing methods designed to assess the extent of mechanical damage. 
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Table A-1. Ethylene evolution by plant parts as affected by temperature* 
Sampling 





H C+E C+H H C+E C+H 
3 1378 280 1841 416 264 632 
6 1262 221 3146 314 475 1598 
9 675 284 1355 166 363 1789 
*EXP 2, two replications, standard deviation = 120 plpt" -VI. 
'^Abbreviations: H = hypocotyl segment; C = cotyldeons; E = epicotyl; 
pi = picoliter, pt = plant part; h = hour. 
Table A-2. Analysis of variance for ethylene evolution by seedling parts 
S.V. d.f. MS 
REP 1 51756 
TEMP 1 2176116 
REP*TEMP 1 19928 
TRT 2 6391062** 
TEMP*TRT 2 803757** 
REP*TEMP*TRT 4 45234 
ST* 2 587640 
TEMP*ST 2 547605 
ST*TRT 4 514347 
TEMP*ST*TRT 4 331173 
Error 12 173764 
*ST = sampling time. 
**Significant at the \% level. 
Table A-3. Ethylene evolution by hypocotyl segments as affected by cultivar, 50% cotyledon removal, 
and small seed size^ 
Sampling Rate of ethylene evolution (pi 
ThT tasoy 71 Cutler 71 Corsoy 50?s^ lTseeds 
25C 
3 7219 6162 1615 
6 9070 8038 2124 
9 5263 3188 1446 
30C 
3 4095 3386 2085 
6 3106 3001 2708 







®EXP 3, two replications, standard deviation = 479 pi g"^h"- . 
'^Abbreviations: pi = picoliter; g = gram, h = hour. 
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Table A-4. Analysis of variance for ethylene evolution by hypocotyl seg­
ments as affected by cultivar, cotyledon removal, and small 
seed size 
sv df MS 
REP 1 2334848 
TEMP 1 18426041 
REP*TEMP 1 149001 
TRT 4 19546594** 
TEMP*TRT 4 15665551** 
REP*TEMP*TRT 8 546688 
ST® 2 15254311** 
TEMP*ST 2 3207165** 
ST*TRT 8 1393666** 
TEMP*ST*TRT 8 752962* 
Error 20 229533 
®ST = sampling time. 
•Significant at the 5% level. 
••Significant at the 1% level. 
Table A-5. Ethylene evolution by hypocotyl segments as affected by temperature, methionine, lAA, 
tryptophan, and ACC®»° 
Rate of ethylene evolution (pi g~^h~^) -
Sampling 
time 250 nM Trp 10 MM IAA 
(h) Control 125 MM Met 10 yM IAA + + 125 wM ACC 
250 yM Met 125 yM Met 
25C 
3 9316 8800 8126 7516 18262 12888 
6 7921 6487 7696 8375 19413 16559 
9 4091 2873 3851 4827 17457 14646 
30C 
3 3673 3264 3769 4833 11828 11044 
6 3263 3138 3184 3739 12247 12060 
9 2089 2322 3111 2458 10874 9962 
®EXP 3, Two replications, standard deviation = 865 plg"^h"^. 
^Abbreviations: Trp = tryptophan; Met = methionine; ACC = 1-aminocyclopropane-l-carboxylic acid; 
IAA = indole-3-acetic acid; pi = picol iter; g = gram; h = hour; yM = micromolar. 
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Table A-6. Analysis of variance for the experiment represented in Table 
A-5 
sv df MS 
REP 1 787512 
TEMP 1 289979389* 
REP*TEMP 1 683280 
TRT 5 265018040** 
TEMP*TRT 5 5708346 
REP*TEMP*TRT 10 2231843 
ST® 2 35132997** 
TEMP*ST 2 6620128** 
ST*TRT 10 2715842** 
TEMP*ST*TRT 10 2381485** 
Error 24 748893 
®ST = sampling time. 
*Significant at the 1% level. 
•kic 
Significant at the 5% level. 
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Table A-7. Ethylene evolution by hypocotyl segments as affected by lAA 
plus methionine^'b 
Sampling Rate of ethylene evolution (pi g'^h"^) 
Control 10 pM lAA 10 wM lAA 10 yM lAA 
i-ontroi 125 uM Met 353 yM Met 1000 yM Met 
25C 
3 10560 19345 21219 23744 
6 10720 22946 23996 23457 
9 7247 22669 22285 23611 
30C 
3 4221 14380 14262 17119 
6 3527 14641 15435 17312 
9 2547 13044 16539 13954 
®EXP 4, Two replications standard deviation = 2025 pi g"^ h"^. 
'^Abbreviations; pi = picoliter; g = gram; h = hour; yM = micromolar. 
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Table A-8. Analysis of variance for the experiment represented in Table 
A-7 
sv df MS 
REP 1 12144432 
TEMP 1 599521896* 
REP*TEMP 1 1422785 
TRT 3 470752473** 
TEMP*TRT 3 1465875 
REP*TEMP*TRT 6 15578412* 
ST® 2 6795913 
TEMP*ST 2 2163302 
ST*TRT 6 4159706 
TEMP*ST*TRT 6 3608839 
Error 16 4103869 
®ST = sampling time. 
*Significant at the \% level. 
Significant at the 5% level. 
Table A-9. Ethylene evolution by hypocotyl segments as affected by lAA plus methionine*'^ 
Rate of ethylene evolution (pi g"^h"^) 
Sampling 
time 10 wM lAA 10 PM IAA 0.1 pM lAA 1 yM lAA (h) control 30 pM Met 60 yM Met 250 yM Met 250 yM Met 
25C 
3 8903 9710 16639 9101 10662 
6 10710 10378 19603 10328 12776 
9 5500 5663 18114 6727 9728 
30C 
3 4058 5910 15293 5347 9947 
6 4983 6027 14288 6655 9732 
9 3098 6452 11834 5137 9372 
®EXP 5, Two replications, and standard deviation = 763 pi g"^h"^. 
'^Abbreviations: IAA = indole-3-acetic acid; Met = methionine; pi = picoliter; g = gram; h = 
hour; yM = micromolar. 
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Table A-10. Analysis of variance for the experiment represented in Table 
A-9 
SV df MS 
REP 1 15894965 
TEMP 1 143586352 
REP*TEMP 1 7531709 
TRT 4 189370901** 
TEMP*TRT 4 4788595 
REP*TEMP*TRT 8 1689318 
ST* 2 28728319** 
TEMP*ST 2 7683172** 
ST*TRT 8 663456 
TEMP*ST*TRT 8 3429855** 
Error 20 582179 
^Sampling time. 
**Significant at the 1% level. 
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Table A-11. Ethylene evolution as affected by lAA a , b  
Sampling 
time 
Rate of ethylene evolution (pi g'^h"^) 
Control 
25C 
100 uM lAA Control 
30C 
100 pM lAA 
3 10560 34396 4221 23242 
6 10720 45641 3527 22443 
9 7247 40785 2547 24871 
®EXP 6, ten replications, standard deviation = 2883 pi g"^h~^. 
'^Abbreviations: pi = picoliter; g = gram; h = hour; lAA = indole-3-
acetic acid. 
Table A-12. Analysis of variance for experiment,represented in Table A-11 
SV df MS 
REP 1 59601168 
TEMP 1 781984584 
REP*TEMP 1 43543122 
TRT 1 3878914282** 
TEMP*TRT 1 171024187* 
REP*TEMP*TRT 2 5255748 
ST* 2 12897930 
TEMP*ST 2 22639622 
ST*TRT 2 24481095 
TEMP*ST*TRT 2 15762412 
Error 8 8316813 
®ST = sampling time. 
•Significant at the 5% level. 
** 
Significant at the 1% level. 
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Table A-13. Ethylene evolution by hypocotyl segments as affected by light 
and darl^'b 
Sampling Rate of ethylene evolution 
time (pi g" •VI) 
Dark Light 
3 7219 6456 
6 9070 5730 
9 5263 2329 
*EXP 3, two replications, standard deviation = 582 pi g-lh-1. 
^Abbreviations: pi = picoliter; g = gram; h = hour. 
Table A-14. Analysis of variance for experiment represented in Table A-13 
SV df MS 
REP 1 1269450 
Light 1 16504110* 
REP*Light 1 14490 
ST* 2 15035907** 
Light*ST 2 1919337 
Error 4 339591 
®ST = sampling time. 
^Significant at the 5% level. 
**Significant at the 1% level. 
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Table A-15. lAA levels in different seedling parts* 
Seedling lAA concentration (ng g"^ dry w)^ 
25C 30C 
Epicotyl 294 140 
Cotyledons 53 46 
Hypocotyl 236 371 
®EXP 8, two replications, standard deviation = 41 ng g"^ dry w. 
^"Abbreviations: ng = nanogram; g = gram; w = weight. 
Table A-16. Analysis of variance for lAA levels in plant tissue 
SV df MS 
REP 1 4720 
TEMP 1 225 
REP*TEMP 1 1200 
PART 2 66703** 
TEMP*PART 2 20882** 
Error 4 
**Significant at the 1% level. 
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Table A-17. Analysis of variance for experiment I Table 5 
SV df MS 
REP 1 39772 
TEMP 1 3217140* 
REP*TEMP 1 16068 
TRT 1 197472* 
TEMP*TRT 1 33227 
REP*TEMP*TRT 2 9016 
ST® 2 350220** 
TEMP*ST 2 173394** 
ST*TRT 2 61131 
TEMP*ST*TRT 2 31060 
Error 8 19303 
®ST = sampling time. 
*Significant at the 5% level. 
Significant at the 1% level. 
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Table A-18. Analysis of variance for experiment II Table 5 
SV df MS 
REP 1 9882 
TEMP 1 4412695* 
REP*TEMP 1 4187 
TRT 1 114402 
TEMP*TRT 1 197835 
REP*TEMP*TRT 2 26875 
ST* 2 302324* 
TEMP*ST 2 118640 
ST*TRT 2 2152 
TEMP*ST*TRT 2 44092 
Error 8 46665 
®ST = sampling time. 
*Significant at the 5% level. 
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Table A-19. Analysis of variance for experiment III Table 5 
SV df MS 
REP 1 152163 
TEMP 1 4918676 
REP*TEMP 1 513045 
TRT 1 2750651 
TEMP*TRT 1 127167 
REP*TEMP*TRT 2 202917 
ST® 2 2165692** 
TEMP*ST 2 1038749** 
ST*TRT 2 453316* 
TEMP*ST*TRT 2 243932 
Error 8 56331 
®ST = sampling time. 
*Significant at the 5% level. 
Significant at the 1% level. 
